This paper proposes a reliability analysis framework for glass fiber-reinforced polymer-(GFRP-) reinforced concrete systems with uncertain capacities and demands over time. Unfortunately, there has been limited discussion or research done related to the potential change of failure modes over time. Therefore, a rational approach is needed to integrate multiple failure modes in a single analysis framework, considering uncertainties of time-variant demands and capacities. To account for multiple failure modes, this study proposes the limit state function to estimate the safety margin, based on strain values of GFRP-reinforcing bars. A proposed limit state function can capture the likelihood of both shear and flexural failure modes, simultaneously. In this study, seven typical bridge deck configurations (e.g., varied deck thickness, girder spacing, and bar size) were exposed to various ambient temperatures. Simulation results show that reliability indices of 100-year exposure exhibit significant variance, ranging from 2.35 to 0.93, with exposure temperatures ranging from 13 to 33°C. Exposure temperature and time are the dominant factors influencing the reliability indices, so are the ones that need to be changed. As exposure time and/or exposure temperature increase, the flexural capacity model plays an important role to determine the reliability indices. When flexural and shear failure modes are equally dominant, reliability indices can capture risks of both failures, using the proposed strain-based approach.
1. Introduction 1.1. General. Engineers and researchers have made significant progress toward standardizing test methods and designs for structural elements, using composite reinforcement [1, 2] . In 2009, the American Association of State Highway Officials (AASTHO) approved the use of glass fiber-reinforced polymer (GFRP) in bridge decks. The Canadian Highway Bridge Design Code (CSA S6-06 [3] ) allows the use of carbon fiberreinforced polymer (CFRP) for primary reinforcement and prestressing tendons in concrete. Research communities concur that fiber-reinforced polymers (FRPs) are materials that have multiple benefits, including, but not limited to, high specific strength, enhanced fatigue life, resistance to corrosion, controlled thermal properties, nonmagnetic properties, and potentially lower life cycle costs [4] [5] [6] . Their application has gained momentum for use in bridge decks, pavements, walls, and beam-column joint systems [4] [5] [6] . Therefore, it follows that the potential applications of composite reinforcement for structural elements will increase. However, current designs are not calibrated with the realistic performance of FRP embedded in concrete, and the temperature effect is not included in current practice. Based on two categories of exposure conditions, the constant (time-invariant) reduction factor was selected to account for the potential reduction of tensile capacity over time [4] [5] [6] . Contrary to the steel-reinforced systems subjected to corrosive environments, there has been minimal research regarding FRPreinforced systems; therefore, there is little knowledge or understanding of the time-variant mechanism of FRPreinforced systems. The service life of FRP-reinforced concrete systems should be realistically predicted as the first step toward designing a performance-based, sustainable structure. This paper's goal is to facilitate the prediction of the service life of the system with various design parameters, using uncertainties of capacity and demand.
Bridge Deck Design.
In conventional design practices, the design of a bridge deck primarily focuses on required flexural design in accordance with AASHTO specifications [1, 2] . Shear reinforcement is not required for either steelreinforced or FRP-reinforced bridge decks. Steel-reinforced bridge decks are typically designed as tension-controlled sections and are analyzed using a unit-wide strip deck model with a rectangular cross section. In addition, it is generally accepted that the shear failure mode is a punching-shear mode rather than a one-way shear mode. Therefore, oneway shear failure is usually not considered in steelreinforced bridge deck design. Arch action can prevent one-way shear failure and flexural failure by distributing the wheel loads to adjacent supporting girders. Therefore, two-way shear failure may occur with six to seven times the design service wheel loads. However, Rodrigues et al. [7] reported that shear failure can be dominant in the slender members with flexural reinforcement. Shear failure cannot develop in members whose flexural reinforcement remains elastic (statically determinate beam), but can develop once the flexural strength is reached, resulting in reinforcement yielding (i.e., continuous beam or slab). This is also identified in the statically indeterminate structure (i.e., continuous beam or slab) [8] . A recent study also quantified shear strength in a reinforced concrete system using strain measurements [9] [10] [11] and RC beams under shear strengthened carbon fiber-reinforced polymer U-stirrup system [12] . Hu and Wu [9] concluded that shear strength of concrete, V c , is significantly varied with and without shear reinforcement. Especially, the difference can be significant when the span-todepth ratio is over 2.5, i.e., a/d value > 2 5 (such as a slender member) in the predicted and measured values [9] . Therefore, one-way shear failure cannot be neglected in the design of a conventional bridge deck, which is a continuous slab. It draws more attention to one-way shear failure of steelreinforced bridge decks. Recently, shear behavior of steelreinforced concrete members is estimated using strainbased methods for the slender beam which tends to fail in concrete crushing within the compression zone [13] [14] [15] . The proposed model [16] can consider both tensile reinforcement ratio and concrete compressive strength. This suggests that the strain-based approach can be useful for considering multiple failure modes in reliability analysis. Similarly, the author's approach will be discussed in the following section.
Additional research is needed on FRP-reinforced bridge decks. Several researchers have performed studies on bridge decks, using FRP reinforcement. El-Sayed et al. [17] reported that a tested bridge deck is more likely to fail because of oneway shear than flexural failure. In an independent research, Ashour [18] reported that an overreinforced beam failed in the shear, even though the specimen was initially designed as a flexural member. In addition, Amico [19] reported the shear failure of a one-way slab used as a weigh station, with GFRP reinforcement used as the top-mat reinforcement. The observed failures were shear dominant and/or concretecrushing failures. There are marginally small gaps between a flexural failure and a one-way shear failure. From several experimental results, it has been determined that a one-way shear failure should be considered in the structural risk and reliability assessment. Even though two-way shear failure can be considered as the critical failure mode [20] , one-way shear failure should be assessed from the aspect of reliability. Hassan and Rizjalla [20] pointed out that two-way shear failure is more than likely failure mode in simulation and experimental testing.
In the flexural design of steel-reinforced bridge decks (i.e., generally t = 0), the target reliability index is 3.5 to 4.0 for compression-controlled sections. With the given section, the strength reduction factor, ϕ, is calibrated to be 0.65 for steel-reinforced concrete members [21] . In the GFRPreinforced member, both ϕ and the environmental reduction factor, C E , may need to be calibrated. The value of C E (i.e., multiplier 0.7 or 0.8 of guaranteed tensile strength, f * f u = f f u,ave − 3σ, where f f u,ave is the mean tensile strength of sample of test specimens and σ is the standard deviation) is used to account for the reduction of bar capacity, resulting from high-alkali pore solutions in concrete and the aging effect. In current practice, the value of C E has been adopted based on the results of tensile strength tests exposed to accelerating and aggressive environmental conditions. When calibrating a strength reduction factor, the current practice is to adopt C E = 0 8. Using C E of 0.8 for the GFRP bars, the ACI 440 committee decided to reach the target reliability index of 3.5 for flexure, regardless of failure mode. To achieve this, the tension-controlled section design needs to use ϕ of 0.55 to maintain the reliability index of 3.5. The reliability indices range between 3.45 and 4.01 for the below 1.55 times balanced reinforcement ratio, ρ fb . [22] . Shield et al. [22] reported that the probability of FRP bar failure is greater than for concrete crushing failure. The difference decreases as the reinforcement ratio approaches 1.55ρ fb . However, this approach does not account for different degradation scenarios coupled with shear failure mode. The constant-valuebased approach (i.e., time-invariant) was used to calibrate the strength reduction factor to achieve the reliability index. Therefore, further research is needed to calibrate these factors in a framework of performance-based approach as a function of exposure time and exposure conditions. 1.3. Improved Models and Analysis. In a recent article, the first author of this paper presented focused on the strengthbased reliability analysis (Kim et al. [23] ), as presented inside solid boxes in Figure 1 . However, the analysis formulation is limited in only flexural capacity and the deterministic demand model-based fragility curves. In this study, substantial changes were made by incorporating shear failure and the time-variant demand model into the previous analysis framework (dashed boxes in Figure 1 ). Since one-way shear failure cannot be underestimated, based on Rodrigues et al.'s [7] findings, the probability of one-way shear failure is considered in this study. It should be noted that two-way shear failure is not included in this study. According to the performance-based durability design concept of Flint et al.
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International Journal of Polymer Science [24] , the performance-based model is formulated from the integration of mathematical models of the interests rather than the application of prescriptive approaches (e.g., limiting acceptable performance). Therefore, efforts of this research aim to contribute to this area. This paper consists of seven parts. Section 1 presents an overview of current designs and justifications of one-way shear capacity in steel and FRP-reinforced bridge decks. Section 2 briefly presents the formulation of strain-based models for flexural capacity (see item v of Figure 1 ). Section 3 presents the probabilistic one-way shear capacity model in both strength and strain-based models (see items iii and vi in Figure 1 ). Section 4 presents the time-variant demand model (see items iv and vii in Figure 1 ). Section 5 presents the parametric study of various design cases. This demonstrates the change of strain-based safety margins with time-variant properties of GFRP bars (see items viii and ix in Figure 1 ). Section 6 presents the reliability indices of GFRP-reinforced bridge decks of various designs and three representative exposure temperatures (see item xii in Figure 1 ). Finally, Section 7 presents the conclusions and recommendations.
Formulation of the Strain-Based
Model (Flexural)
2.1. Time-Variant GFRP Bar Capacity Model. Even though GFRP reinforcements do not exhibit the classical corrosion observed in steel, several researchers [25] [26] [27] have reported a significant reduction in the tensile capacity of GFRP reinforcement when it is exposed to aggressive solutions and exposure conditions (e.g., high pH, salt water, high temperatures, freeze-thaw cycles, and wet/dry cycles). A field study conducted by Mufti et al. [28, 29] and Benmokrane and Cousin [30] concluded that GFRP reinforcement is durable when embedded in concrete. Concrete cores with GFRP reinforcement, which had been embedded in concrete for five to eight years, were removed from five locations in Canada (Quebec, Ontario, Alberta, British Columbia, and Nova Scotia). Recent findings [31] indicate that the interface of fiber and matrix are prone to initiating damage in high temperatures. Similar debonding was also reported by Benmokrane et al. in 2006 [32] . Still, researchers have debated the durability of GFRP systems, 3 International Journal of Polymer Science and data is limited on a realistic estimation of the reduction of capacity and its reliability.
Recently, Park et al. [33] reported that different types of GFRP reinforcement exhibited different rates of degradation of flexural capacity when embedded in concrete under the same exposure conditions. Therefore, a probabilistic model is needed to capture the diverse degradation rates and to propose the robust model.
To perform the time-variant reliability analysis, Gardoni et al. [34] developed the following probabilistic time-variant model to predict the capacity of GFRP bars embedded in concrete as follows:
where x b = D T 23 , E a , R, r is a vector of basic variables (i.e., material properties, geometry, and temperature), D T 23 = the diffusion coefficient at a defined reference temperature, T 23 = 296 K (23°C), E a = the activation energy (KJ), R = the universal gas constant (KJ/mol-K), r = the radius of the GFRP reinforcement, T = the exposure temperatures (in K), s 0 e 0 is the error term that captures the variability of s 0 around its mean μ σ 0 = f f u,ave , and se is the error term that captures the variability in the reduction term,
The terms e 0 and e are statistically independent, identically distributed random variables with a mean and unit variance of zero, s 0 and s are the standard deviations of the two error terms, and Θ σ = λ, α, R, s 0 , s is a vector of unknown parameters introduced to fit the data. Two assumptions are made in formulating the model: (a) s 0 and s are not functions of x b (homoscedasticity assumption), and (b) e 0 and e each have normal distributions (normality assumption). A Bayesian approach was used to estimate the statistics (means and covariance matrices) of the unknown parameters Θ σ based on long-term exposure data (up to 7 years of exposure to actual environmental conditions) for GFRP bars from three different manufacturers. The posterior statistics of Θ σ are reported in Gardoni et al. [34] .
Using the time-variant bar capacity model, Kim et al. [23] conducted research to investigate the impact of reducing tensile capacity on the flexural capacity and the probability of failure over time. The following equation is used to estimate the flexural capacity, C t x, Θ = min C CF,t x, Θ , C BF,t x, Θ , where C CF,t x, Θ and C BF,t x, Θ are the nominal moment capacity of concrete crushing failure and bar failure, where Θ and x are the vectors to capture the parameters to estimate nominal moment capacities and parameters, Θ = Θ σ , Θ E , respectively, where Θ E is a vector of unknown parameters to fit the data of elasticity of concrete [35] . Figure 2 shows the strain distribution of the section of FRP-reinforced concrete deck in three different failure modes.
Strain of GFRP Bars at Flexural Failure.
Capacities of bars in the unit-wide strip deck were assumed to be statistically independent and identically distributed random variables. The capacity of each bar was totaled to determine the moment capacity of the section.
The strain of GFRP reinforcement was determined by the two failure modes: concrete crushing failure and bar failure. When bar failure is dominant, the maximum strain in the concrete (which is defined here as ε c ) at the bar failure is smaller than the ultimate strain, ε cu . To determine ε c , strain compatibility, and force equilibrium, conditions can be used to formulate the following equation:
where σ t i is the capacity of the i th GFRP bar at time t (years), which is determined using equation (1). Equation (3) is only valid when the maximum concrete strain, ε c , is less than the value of ε cu and the value of c is simultaneously less than the value of Figure 2 (a)).
When the concrete crushing failure is dominant, the strain in the GFRP bar, ε CF,t x, Θ , can be determined using the following equation (see Figure 2 (b)):
where the value of ε CF,t x, Θ is not larger than the ultimate strain of the GFRP reinforcement, ε BF,t x, Θ , b is the width of the cross section (mm), d is the distance from the extreme compression fiber to the centroid of tension reinforcement (mm), A f is the area of the GFRP reinforcement in the given section (mm 2 ), ε cu is the concrete crushing strain in the top fiber, and E f is the elastic modulus of GFRP reinforcement. A more detailed derivation is presented in Kim et al. [23] .
Formulation of the Strain-Based
Model (Shear) and e is a statistically independent, identically distributed, random variable with a mean and unit variance of zero.
The variance of the model error is 0.0017. From the MCFT formulation, two equations are used:
The value of ε x can be found from solving equations (5) and T,
The variable of a/d v indicates the moment and shear interaction to change shear and flexural capacities, depending on the truck loadings. Finally, the strain of the bar of a GFRP, ε SF,t x, Θ , can be estimated based on the strain compatibility and trigonometry of the strain relationship between the bar, concrete, mid-depth strain, and neutral axis, as follows (see Figure 2 (c)):
where c is the distance measured from the top extreme fiber to the neutral axis, and y is the distance from the neutral axis to the location of the resultant compression force.
3.3. Formulation of the Strain-Based Capacity Model. Potential final failure mode can be determined based on the lowest strain value. When the strain of GFRP reaches the strain corresponding to failure modes, the bridge deck experiences either flexural or shear failure. The main reason to integrate both failure modes is to consider the interaction of shear and moment with respect to failure probability. Two distinct values of failure probability may provide limited information (i.e., no consideration of moment and shear interaction) and two different estimations (either flexural or shear failure). Therefore, it needs the unified reliability index that can be used as a single indicator of a representative value of failure probability. The mathematical expression of the governing SC t x, Θ = min min ε CF,t x, Θ , ε BF,t x, Θ , ε SF,t x, Θ 7 Equation 7 consists of two terms: strain of bar corresponding to flexural failure from min ε CF,t x, Θ , ε BF,t x, Θ and strain of bar corresponding to shear failure, ε SF,t x, Θ . The minimum value will govern the final failure mode. This strain-based capacity model determined final failure over time, among multiple failure modes, with respect to strain values of GFRP reinforcement.
Time-Variant Demand Model
This section presents the demand model for predicting the strain of a GFPR reinforcement at a critical section. This research adopted the demand model proposed by Akgul [53] .
The unfactored demand moment, M S,t=0 x dm , can be calculated as follows:
where , L s is the span length of the slab between two girders (m), λ a is the uncertainty factor for asphalt, λ c is the uncertainty factor for concrete, λ tr is the uncertainty factor for truck, P HS20 is the load on one middle or rear wheel of an HS20 truck (71.17 kN), C f is the continuity factor, and I f = 1 + 15 2/L s + 38 1 ≤ 1 3 is the dynamic impact factor. At the specific time, t, the value of M S,t x dm is randomly generated from the mean and standard deviation of M LL+I,t=0 x dm of type I (Gumbel) distribution as a function of the cumulative number of truck traffic over time. The more trucks that cross the bridge, the higher the probability that the bridge will experience the extreme load: i.e., the change of statistical distribution from lognormal to type I (Gumbel). More derivation of calculations can be found from Akgul [53] . In this model, the number of trucks per year is assumed to be 300,000, using the assumption of 300 days/yr. It is equivalent to the average daily truck traffic (ADTT) of 1000. Similarly, the strain of service moment, SD t x , can be expressed as follows:
where k is the ratio of neutral axis to reinforcement depth (ACI 440.1R, Eq. (7.3.2.2b)). In this study, all the sections are assumed to be cracked, indicating the initial crack width, which is greater than zero.
Parametric Study on Design Cases
5.1. General. The proposed formulation was used to estimate the probability of failure of various GFRP-reinforced bridge decks that were designed in accordance with AASHTO specifications [1, 2] . Table 1 summarizes the statistical properties of deck concrete and GFRP bars, in order to estimate the flexural and shear capacities of a bridge deck. The asphalt thickness was assumed to be 50 mm. The deck thickness and cover depth were assumed to be random variables. Distribution, mean, and standard deviations were obtained from previous studies of steel-reinforced concrete bridge decks. In this study, the shear span length was treated as a random variable. The mean is the wheel at the midspan (equal to half of the girder spacing), and the standard deviation is assumed as the difference between the shear span at midspan and the possible lowest value of shear span length corresponding to a/d = 2 5. For example, it yields a mean of 1.2 m and standard deviation of 0.72 m for the girder spacing of 2.4 m. A mean and standard deviation for different girder spacings (1.8 and 3.7 m) are also presented in Table 1 . Table 2 shows a total of seven design cases. The main variables of design cases are the combinations of girder spacing (first number in the case I.D.) and the thickness of the deck (second number of case I.D.). The combinations originated from the selection of the typical range of steel-reinforced bridge decks [59] . The ratio of the provided GFRP reinforcement, ρ f , to the balanced GFRP reinforcement, (ρ f /ρ fb ), was assumed to be 1.82, which allowed the maximum crack width below the allowable maximum crack width of 0.5 mm. The maximum crack width can be calculated from the AASHTO LRFD specifications [1] . In addition, ACI 440.1R-15 [6] reported that typical ratio, ρ f /ρ fb , is assumed to be 2.0 for the slab to meet the deflection limit, l/240 [6] . The mean maximum crack widths are presented in the sixth column of Table 2 . To achieve the equal reinforcement ratio, six design cases were planned, using M13. One design case (considered as a benchmark design case) was designed, using M19 to investigate the bar size effect. Table 3 shows the properties of M13 and M19 GFRPreinforcing bars. Statistical distributions are assumed to be lognormal for diameter, elastic modulus, mean capacity, and diffusion coefficient of bars. Due to the lack of information on GFRP-reinforced bridge deck designs, the authors assumed that the selected design combinations of deck thickness and girder spacing can be applicable to the design of GFRP-reinforced bridge decks.
The temperature range is determined based on the mean values of annual temperatures in the US territories. The actual fluctuation of exposure temperatures is much greater than three constant values. In general, the lowest temperature (13°C) represents the average exposure temperature of the cold regions, while the highest temperature (33°C) represents the average temperature of the warm region. The reference temperature (23°C) were used to develop the model in the 6 International Journal of Polymer Science previous research of the author in Texas region [34] . Much information on the temperature effect is available in [34] . It should be noted that the current study focuses on the application of GFRP reinforcement in bridge structures. When the data from carbon fiber reinforced polymer (CFRP) is available, the proposed methodology can be applied to the deterioration model of CFRP in concrete, in which CFRP is more durable and exhibited high strength and high stiffness in general. As the application of CFRP gains more popularity in the field of infrastructure construction, it is expected that the experimental data and reliability analysis would be readily available, which will lead to the application of the proposed approach to various composite materials for improvement of the system reliability in near future.
Safety Margin.
Using the probabilistic model for the time-variant strain capacity of the GFRP deck described in equation (8) , the limit state function can be expressed as g t x, Θ = SC t x, Θ − SD t x . The safety margin is formulated as the limit state function and the difference between capacity (equation (7)) and demand (equation (9)). When the value of the safety margin is greater than zero, the designed deck is safe. Conversely, a negative value indicates that the designed deck is unsafe. In the manner of physical interpretation, the value of zero indicates that the average strain of GFRP bars reached the one particular failure strain value ε CF,t x, Θ , ε BF,t x, Θ , ε SF,t x, Θ . Figure 3 shows the safety margin of two design cases of 1.8-180 and 2.4-230. Mean (μ), and mean ± standard deviations (μ ± σ) of safety margin (herein, expressed as an average strain value of GFRP bars) are shown plotted over different exposure times (0, 0.5, 2.5, 5, 10, 15, 25, 50, and 75 years). The safety margin presented marginal strains of GFRP bars ranging from 0 46 × 10 −3 μ − σ in the design case of 1.8-180-13 at 75 years) to 7 34 × 10 −3 μ + σ in the design case of 2.4-230-13 at 0 year). In general, the safety margin significantly reduced from 0 year to 0.5 year. The design case of 1.8-180-13 exhibited a lower safety margin compared to that of 2.4-230-13. This indicates that the design of 1.8-180-13 has higher probability of failure over time. The significant reduction in the safety margin of the 1.8-180-13 design case was observed from 0 to 0.5 year. Beyond a 0.5-year exposure, the overtime reduction rate of the two design cases exhibited similarly for μ and μ ± σ plots.
Time-Variant Reliability
6.1. General. The time-variant reliability index, β t , is determined as the inverse of the standard normal cumulative distribution as a function of exposure time, t: β t = −Φ −1 P f t , where Φ −1 is the inverse standard normal distribution function and the probability of failure, P f t , can be estimated from the following equation at the given time, t: P f t = P g t x, Θ < 0 . Both are convenient indications of the safety of the structural components [61] . In this paper, the focus is on reliability indices. A total of 3 × 10 6
Monte Carlo simulations per each exposure time were undertaken to estimate the probability of failure in GFRPreinforced bridge decks. The simulation terminated when the target coefficient of variation of failure probability reached 0.01, before reaching maximum simulations. In this study, the initial reliability indices were calculated at t = 0, assuming the value of C E = 1 0. The current practice of reliability analysis assumes that the single value of the reduction factor has been used, regardless of the degradation condition. As discussed earlier, the failure mode can be potentially changed over time even though the section is initially designed as a compression-controlled section. The probability of failure recommended by the AASHTO Load and Resistance Factor Rating (LRFR) [62] is 6 21°×°10 −3 , corresponding to the reliability index, β t of 2.5 at the service. When the reliability index is lower than 2.5, this indicates that the GFRP-reinforced bridge deck exhibits high risk of any type of failure beyond the specific exposure time. Figure 4 shows reliability indices of two design cases subjected to three different exposure temperatures.
Integration of Multiple Failure Modes.
Time-variant reliability indices of flexural failure, shear failure, and integrated two-failure modes (using equation (7), designated as total) are presented. In general, the probability of failure increases dramatically at the early age of exposure, as observed in the safety margin. Within one year, the bar capacity reduced significantly with the increase in the demand, dramatically impacting the reduction of the reliability index. Higher temperatures significantly increased the probability of failure over time, as shown in Figure 4 (a) versus 4(b). To understand how the dominancy of failure mode changed over time, reliability indices of flexural and shear failure were compared over time. Among all the design cases in this study, the β value of flexural failure (red line with closed circle) generally exhibited high sensitivity to the exposure time, resulting in the change of the β value of integrated failure modes (blue line with open circle).
The maximum service life is defined as the time required to reach the reliability index of 2.5 (black line, designated as LRFR [62] ). It should be noted that the definition can be varied, depending on the researchers' and engineers' perspectives of the expected performance. In this study, the authors focused on the probability of failure over time. A time to reach the value of 2.5 can be determined from the intersection between two lines, LRFR [62] and estimated reliability indices.
Design parameters, such as girder spacing and deck thickness, influence the dominancy of failure mode at the initial design. For example, the design cases of 1.8-180-13 and 3.7-250-13 were compared with respect to failure dominancy. In one, the shear failure mode affected the overall failure probability (hereafter, reliability index); in the other, the flexural mode affected the overall failure probability. However, exposure temperature altered the dominancy of failure mode over time. In the design case of 1.8-180-13, shear failure (green line with star) dominantly controlled the failure probability, as shown in Figure 4(b, i) . As the exposure time and temperature increased, the flexural failure mode took over the shear failure mode. The reliability index of shear failure is not governed by the exposure temperature, but the exposure temperature does play an important role in determining the reliability indices of flexural failure. This led to an increase in the overall failure probability in all the design cases. The impact of exposure temperature is discussed in the following section.
Integrated failure mode and its time-variant reliability are dependent not only on exposure time but also on exposure temperature. This tendency is clearly observed in the 1.8-180-13 design case, when flexural and shear failure modes Lognormal Diffusion coeff. [34] Note: asterisks indicate the source of standard deviation. International Journal of Polymer Science yield closer values of reliability indices. This seems to capture both risks of failure, exhibiting lower reliability indices than the individual values obtained from each failure mode. When one typical failure (typically, the flexural failure) governs the overall failure mode, the reliability indices are determined by the governed failure mode. Therefore, the proposed limit state function provides the rational estimation, using Monte Carlo simulations.
6.3. Temperature Effect. Figure 5 shows the time-variant reliability indices of all the design cases subjected to the constant exposure temperature. The three exposure temperatures 
10
International Journal of Polymer Science were 13°C (designated as T 13 ), 23°C (designated as T 23 ), and 33°C (designated as T 33 ). All the design cases of 33°C exposure temperature reached the target reliability index of 2.5 after only a few years. Before 10 years of exposure to high temperatures, all the design cases exceeded the probability of failure recommended by AASHTO LRFR [62] . The exposure temperature of 33°C changed the reliability index governed by the reduction of reliability index of flexural failure. Similarly, a low temperature of 13°C decelerated the progress of flexural failure over time, resulting in the extension of time to reach the acceptable reliability index (i.e., the extension of service life). In general, the girder design of 3.7-250-13 exhibited the lowest reliability index after 100 years. As the thickness of the bridge deck increases, the reliability indices increase (see Table 4 shows the summary of reliability indices at 0 and 100 years for design cases containing M13 bars. The reliability index of the initial design ranged from 3.84 to greater than 4.97 in all of the design cases. Shortening girder spacing can mitigate the risk of failure when the same deck thickness is 7-200-13) . At the initial time t = 0 , an average of the reliability index was estimated to be 4.61 (see Table 4 ). After 100 years, as the exposure temperature increases from 13 to 33°C, the reliability indices decrease, ranging from 43 to 50%. Therefore, the exposure temperature is more important than any other design parameter.
6.4. Bar Size Effect. Figures 6 (a) and (b) show the failure probability and reliability indicies of the design case of 2.4-230, with two different bar sizes: M13 and M19.
They were exposed to a standard temperature of 23°C. As the size of the bar increased, the probability of failure decreased. In addition, the time to reach the reliability index of 2.5 extended from about 25 to 50 years. This concurs with a similar trend in analytical results [23] . In this study, it was not found that the bar size effect was related to estimating reliability indices associated with shear failure.
Conclusion
In this study, a reliability analysis framework is proposed for glass fiber-reinforced polymer-(GFRP-) reinforced concrete systems with uncertain capacities and demands over time. This is the first attempt to integrate the flexural and shear failure modes for GFRP-reinforced concrete members in a single analysis framework. A total of seven typical configurations of bridge decks with a variety of deck thicknesses and girder spacing were investigated. These different configurations changed the demand as well. Six design cases with M13 bars were exposed to three different temperatures (13, 23 , and 33°C). The ratio of the provided GFRP reinforcement, ρ f , to the balanced GFRP reinforcement, (ρ f /ρ fb ), was determined to be 1.82 to meet the serviceability requirement. One design case contained M19 bars, with the same bar ratio of M13 bars. The following findings and conclusions may be drawn:
(1) The various combinations of deck thickness and girder spacing affect the reliability index. The safety margins and reliability indices dramatically decrease at an early age (i.e., 0 to 0.5 years). This is attributed to the increase in demand and the reduction in flexural capacity. The reliability index of shear failures is mainly affected by the change of demand, rather than exposure temperature (2) The proposed limit state function provides rational estimation, with the likelihood of capturing flexural and shear failure modes, simultaneously (3) The reliability indices of 100 years of exposure exhibited significant variances, ranging from 2.35 to 0.93 in the exposure temperatures ranging from 13°C to 33°C. The simulation results show that all the design cases exhibited lower than the target reliability index of 2.5 recommended by AASHTO LRFR after 100 years of exposure (4) In general, as exposure time and temperature increase, the flexural failure affects the determination of overall reliability indices. In a bridge deck having a thin thickness and short girder spacing, shear failure tends to affect the overall reliability index, resulting in a high probability of failure (i.e., low reliability index).
(5) In the benchmark design case, the increase in the bar size could be an alternative for extending the service life. From these simulations, the M19 bar increased the service life approximately 100% to reach the target reliability index of 2.5
In summary, exposure temperatures dramatically affect the service life (e.g., expectancy of life to reach the specific target reliability index). The change in the reliability index is more sensitive (i.e., more changes) with exposure to higher temperatures. Therefore, further experimental and analytical research is needed on both deck configuration and exposure temperature of the GFRP-reinforced bridge deck exposed to high temperatures.
Notations
A f :
The area of the GFRP reinforcement in the given section (mm 2 ) a g :
Maximum aggregate size (mm) b:
The width of the cross section (mm) b w :
The width of the web (mm), effective crack spacing c b :
ε cu d / ε cu + ε f u , the depth of neutral axis C f :
Continuity factor, and dynamic impact factor C CF,t x, Θ :
The nominal moment capacity of concrete crushing failure C BF,t x, Θ :
The nominal moment capacity of bar failure D T 23 :
T h ed i ffusion coefficient at a defined reference temperature (23°C) d:
The distance from the extreme compression fiber to the centroid of tension reinforcement (mm)
The effective shear depth (mm) taken as 0 9d E a :
The activation energy (KJ) E f :
The elastic modulus of GFRP reinforcement e 0 , e:
Statistically independent, identically distributed random variables with a mean and unit variance of zero f cm :
The compressive strength of concrete (MPa) f * f u = f f u,ave − 3σ: Guaranteed tensile strength of GFRP reinforcement f f u,ave :
The mean tensile strength of sample of test specimens h a :
Thickness of asphalt pavement (m) h s :
Thickness of concrete slab (m) The standard deviations of the error terms, s 0 e 0 , se, and s v e, respectively P HS20 :
The load on one middle or rear wheel of an HS20 truck P f t :
The following equation at the given time, t: P f t = P g t x, Θ < 0 R:
The universal gas constant (KJ/mol-K) r:
The radius of the GFRP reinforcement SD t x :
The strain of service moment sp xe :
E ffective crack spacing = 31 5d / 16 + a g ≥ 0 77d T 23 :
296 K (23°C) T:
The exposure temperatures (in K) v n x v :
Normalized shear stress w ps :
Uniform weight of utility piping for slab (kN/m) σ:
Standard deviation σ t i :
Capacity of the i th GFRP bar at time t (years) β t :
Time-variant reliability index, β t = − Φ −1 P f t γ a :
Asphalt unit weight (kN/m 3 ) γ c :
Concrete unit weight (kN/m 3 ) ε cu :
Concrete crushing strain in the top fiber ε x :
Longitudinal strain at mid-depth for predicted shear failures ε BF,t x, Θ :
Corresponding strain of bar failure ε CF,t x, Θ :
Corresponding strain of concrete crushing failure ε SF,t x, Θ :
Corresponding strain of shear failure Θ:
Vectors to capture the parameters, x to estimate nominal moment capacities Θ σ :
A vector of unknown parameters introduced to fit the data Θ E :
A vector of unknown parameters to fit the data of elasticity of concrete λ a :
Uncertainty factor for asphalt λ c :
Uncertainty factor for concrete λ tr :
Uncertainty factor for truck μ σ 0 :
Mean tensile strength of sample of test specimens
The inverse standard normal distribution function and the probability of failure
x:
Vectors of parameters x b :
A vector of basic variables for bar properties x v :
A vector of basic variables for shear x dm :
A vector of demand.
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